Enhancing crystallization ability is a fundamental challenges in Poly(L-lactic acid) (PLLA) industry, therefore, the goal of this work was to synthesis a new organic nucleating agent N, N'-adipic bis(4-phenylbutyric acid) dihydrazide (APAD), and investigate its effect on non-isothermal crystallization, isothermal crystallization, melting behavior, thermal stability, and optical property of PLLA. Non-isothermal melt crystallization results showed that APAD acted as more effective nucleating and accelerating agent for the crystallization of PLLA, as a result, upon cooling at 1 °C/min, PLLA/0.5 %APAD had the highest onset crystallization temperature 136.4 °C and the crystallization peak temperature 132.0 °C, as well as the largest non-isothermal crystallization enthalpy 48.1 J/g. However, with increasing of APAD concentration from 0.5 wt.% to 3 wt.%, the crystallization peak shifted to the lower temperature. In contrast, for the nonisothermal cold crystallization process, the effect of APAD concentration on the crystallization behavior of PLLA was negligible. Additionally, the non-isothermal crystallization process was also depended on the cooling rates and the final melting temperature. In isothermal crystallization section, to compare with the primary PLLA, the crystallization halftime of PLLA/APAD could decrease from 254.3 s to the minimum value 29.4 s, with 0.5 wt.% APAD contents at 125 °C. Melting behavior of PLLA/APAD samples under different conditions further confirmed the heterogeneous nucleation effect of APAD for PLLA, and the appearance of the double melting peaks was attributed to the meltingrecrystallization. Finally, the addition of APAD decreased the thermal stability to some extent, although APAD could not change the thermal decomposition profile of PLLA. And a drop of PLLA/APAD samples in light transmittance resulted from the double influence of the enhancement of crystallization and the opaqueness of APAD.
INTRODUCTION
 Among biodegradable polymers, Poly(L-lactic acid) (PLLA) is the most promising bio-based polymer to replace petroleum-based polymers, which have resulted in serious environmental pollution. It is the excellent biocompatibility, processability and biodegradability of PLLA that lead to a wider application potential in many fields such as food packaging [1 -3] , toy [4] , medical materials [5, 6] , agricultural [7] , etc. For examples, a PLLA nanofiber membranes containing bovine lactoferrin was prepared using electrospun technology, the relevant measurements showed that the PLLA membranes exhibited no cytotoxicity on human skin fibroblasts and even promoted cell proliferation after short exposure periods. Additionally, the PLLA membranes also showed excellent antifungal activity against Aspergillus nidulans. Overall, the bovine lactoferrin-PLLA nanofiber membranes presents a powerful application potential in antifungal dressings [8] . Fu and his colleagues [9] developed the optical fibers based on PLLA with high mechanical flexibility and optical transparency, and PLLA fibers as a tool for intracranial light delivery and detection could realize deep brain fluorescence sensing and optogenetic interrogation in vivo.
However, the glass transition temperature of the amorphous PLLA is about 60 °C [10] , which can not meet the using requirements of plastic products including disposable tableware, electronics enclosures and automotive interior parts [11] . For PLLA as a semicrystalline polymer, enhancing the crystallinity of PLLA is one of the most effective way to improve its heat resistance. A ordered structure can restrict the movement of chain segments, resulting in a higher heat deformation temperature. Thereby improving the crystallization rate of PLLA in the manufacturing process has important guiding significance for theoretical research and practical application. The introduction of a nucleating agent into PLLA have been proved to be a good and costeffective way for accelerating the crystallization process [10] , resulting from that a nucleating agent can lower the surface free energy barrier to nucleation and initiate crystallization at a higher temperature zone in cooling [12] . Upon to now, a great deal of compounds with inorganic structures, organic structures, or macromolecular structures have been devoted to be as heterogenous nucleating agents for PLLA. Although inorganic nucleating agents such as talc [13] , montmorilloite [14] , zinc citrate [15] , and macromolecular nucleating agents like nanocrystalline cellulose [16] exhibited advanced nucleation effect for PLLA, they need chemical modification to enhance their compatibility with PLLA, what is worse, the chemical modification may weaken the nucleation effect [17] . Thus, organic nucleating agents have attracted increasing attention in recent years because of their better compatibility [18] and remarkable nucleation ability, which was evaluated under the same conditions [19, 20] . For instance, the half-time of crystallization of PLLA could decrease into below 3 min after the addition of the adipic dihydrazides derivative during isothermal crystallization at 105 °C [21] . The other typical organic nucleating agents include benzoyl hydrazine derivatives [22, 23] , oxamide derivatives [24, 25] , myo-inositol [26, 27] , 1H-benzotriazole derivatives [28, 29] , etc.
Although more and more organic compounds could serve as nucleating agents for PLLA, the category and number of organic nucleating agents are very insufficient comparing to inorganic nucleating agents, even leading to undefined nucleation mechanism. Therefore, developing more novel organic nucleating agents is very necessary to PLLA scientific research and industry. Through structure analysis of the most organic nucleating agents for PLLA, it is found that the amide group could significantly increase the crystallization rate of PLLA [30] , Moreover, the rigidity of benzene and the flexibility of moderate alkyl are also necessary to bind the PLLA molecular chain. Thus, this work firstly synthesis a new organic nucleating agent N, N'-adipic bis(4-phenylbutyric acid) dihydrazide with amide group, benzene, and alkyl (APAD), and then its focus is to investigate its influence on non-isothermal and isothermal crystallization behavior of PLLA, as well as other physical properties including thermal stability and light transmittance.
EXPERIMENTAL

Materials
The PLLA (Trade name 2002D, Mn = 1.95 × 10 5 , a Dlactide content of 4.25 wt.%) used in this work was obtained from Nature Works LLC, USA. N, N'-adipic bis(4-phenylbutyric acid) dihydrazide (APAD) was synthesized in our laboratory with the chemical structure as shown in Fig. 1 
Preparation of PLLA/APAD samples
All mixtures of PLLA and APAD (0.5, 1, 2, 3 wt.%) were dried overnight at 40 °C under vacuum to remove residual water. Subsequently, the melt-blending of each mixture was performed on a counter-rotating mixer (Harbin Hapro Electric Technology Co., Ltd., China) operated at 190 °C and the rotation speed of 32 rpm for 7 min, as well as 64 rpm for 5 min. The resulting product was hot pressed at 190 °C under 20 MPa for 7 min to prepare a sheet, and then this sheet was cooled by being further pressed at room temperature under 20 MPa for 10 min.
Characterization and testing
The molecular structure of APAD was determined via 1 H nuclear magnetic resonance spectrometer (AVANCE П 400MHz, Bruker Corporation, Switzerland) and infrared spectrometer (Nicolet iS50, Thermo Fisher Scientific, USA). The non-isothermal crystallization and melting behavior experiments were performed on a differential scanning calorimeter (Q2000, TA instrument, USA), operating under nitrogen atmosphere of 50 mL/min; additionally, the temperature and heat flow at different heating rates need to be calibrated using an indium standard before testing. The isothermal crystallization process of PLLA and PLLA/APAD samples were recorded using an optical depolarizer (GJY-III, Shanghai Donghua Kaili Technology of New Material Co., Ltd, China) in the region from 105 to 130 °C, and the half-time of the overall crystallization t1/2 was obtained from the corresponding isothermal crystallization curve. A thermogravimetric analysis (Q500, TA instrument, USA) was used to measure the thermal stability of the primary PLLA and PLLA/APAD samples under air flow in the region from room temperature to 650 °C, and the flow rate of air was 60 mL/min. The light transmittance of the primary PLLA and PLLA/APAD samples were directly tested by a light transmittance meter (DR82, Guanzhou Donru Electronic Technology Co., Ltd, China).
RESULTS AND DISSCUSSION
Non-isothermal crystallization
The role of APAD in crystallization process of PLLA was examined through a comparative study of the nonisothermal crystallization behavior of the primary PLLA and PLLA/APAD samples. Fig. 2 shows the DSC curves of non-isothermal crystallization from 190 °C at a cooling rate of 1 °C/min. It is observed clearly that the primary PLLA does almost not have visible crystallization in cooling, implying that it is very difficult for the primary PLLA to form the crystal because of chain stiffness and lack of nucleators [31] , this poor nucleation ability of the primary PLLA were also confirmed by other relevant studies [20, 32] . In contrast, with addition of APAD, the non-isothermal crystallization peaks with different height and location appear in DSC cooling curves, which indicates that APAD as a heterogenous nucleating agent can promote the crystallization of PLLA in cooling. This result also illustrates that, in comparison to the crystal growth rate, the nucleation rate is a rate-determining step for the melt crystallization process. Among these PLLA/APAD samples, PLLA/0.5 %APAD exhibits the highest onset crystallization temperature of 136.4 °C and crystallization peak temperature of 132.0 °C, as well as the largest non-isothermal crystallization enthalpy of 48.1 J/g, indicating that the enhancement of 0.5 wt.% APAD on the crystallization of PLLA is the best. On the other hand, under the same circumstance, the higher onset crystallization temperature and crystallization peak temperature, as well as the larger non-isothermal crystallization enthalpy of PLLA/APAD system further confirm the more powerful accelerating ability of APAD for PLLA crystallization comparing with other systems such as PLLA/BASD [11] , PLLA/NA [33] , PLLA/MCB [34] . Additionally, with increasing of APAD concentration, the crystallization peak shifts to the lower temperature, and the value of the non-isothermal crystallization enthalpy also becomes smaller. This negative effect might be because of an inhibition effect of excessive APAD for melt crystallization of PLLA to some extent. However, for non-isothermal cold crystallization process, the DSC heating curves profiles of all PLLA/APAD samples are thoroughly similar, additionally the values of crystallization peak temperature and nonisothermal crystallization enthalpy of all PLLA/APAD samples only exhibit a slight difference (see Fig. 3) . Overall, the effect of APAD concentration on the crystallization behavior of PLLA is negligible. In low temperature zone, PLLA has very fast nucleation rate resulting from the existence of a heterogenous nucleating agent APAD and nucleus of PLLA itself, resulting in that the crystal growth rate is a rate-determining step. On the other hand, the crystal growth rate depends on the motility of molecular chain segment and temperature, a same heating rate causes PLLA/APAD sample to go through the same temperature variation. Under these circumstances, all PLLA/APAD samples present the rather similar crystallization process. Although PLLA/0.5 %APAD has the best crystallization ability upon cooling at 1 °C/min, the faster cooling rate is often required during manufacturing. Thus, it is very necessary to investigate the crystallization process of the PLLA/0.5 %APAD sample under the faster cooling rates. The DSC cooling curves of the PLLA/0.5 %APAD at different rates are shown in Fig. 4 . Fig. 4 . DSC cooling curves of the PLLA/0.5%APAD at different rates
Considering the poor crystallization ability of the primary PLLA showed aforementioned non-isothermal crystallization process in cooling at 1 °C/min, the nonisothermal crystallization trace of PLLA/0.5 %APAD can be still detected upon the faster cooling rates, which further reflects the advanced nucleation capability of APAD for PLLA. However, it is found that the crystallization peak shifts to lower temperature and becomes wider with increasing of cooling rate, indicating that a higher cooling rate can weaken the crystallization promoting effect of the nucleating agent for PLLA, and form more imperfect crystals. Similar results can be also found in other PLLA systems [35 -37] . The effect of heating rate on cold crystallization of PLLA was further investigated and shown in Fig. 5 . Similarly, a wider cold crystallization peak appears with increasing of heating rate in heating. However, the cold crystallization peak shifts to the higher temperature because of thermal inertia.
Additionally, for organic nucleating agent, the solubility in PLLA matrix is a crucial factor for improving crystallization, because the compatibility and undissolved organic nucleating agent are directly related to the solubility. Whereas the solubility of organic nucleating agent in PLLA matrix is determined by the final meltblending temperature. Therefore, the effect of the final melt-blending temperature on the crystallization of PLLA was further studied using DSC. Fig. 6 is the non-isothermal crystallization curves of PLLA/APAD samples from the different melt-blending temperatures at a cooling rate of 1 °C/min. When the final melt-blending temperature is 180 °C or 200 °C, PLLA containing the same APAD concentration has the similar non-isothermal crystallization DSC curves, which are different from the non-isothermal melt crystallization DSC curves from the 190 °C (see Fig. 2 ). That is, with increasing of APAD concentration, the crystallization enthalpy and crystallization peak temperature firstly increase, then decrease, and PLLA/1 %APAD sample has the largest non-isothermal crystallization enthalpy, however, the highest crystallization peak temperature appears on PLLA/2 %APAD sample.
The probable reason is that the solubility of APAD in PLLA matrix is lower, more undissolved APAD become nuclei for the dissolved APAD and for PLLA in cooling, resulting in higher nucleation density, meantime, the dissolved APAD can lead toward excellent compatibility. This result also indicates that 180 °C is the optimal meltblending temperature in this study.
In addition, upon the addition of the same APAD concentration, comparing to the final melt-blending temperature of 190 °C or 200 °C, the larger crystallization enthalpy and higher crystallization temperature occur when the final melt-blending temperature is 180 °C.
Isothermal crystallization
For semi-crystalline polymer, the isothermal crystallization is an important part of crystallization behavior. Fig. 7 shows the half-time of crystallization (t1/2) as a function of crystallization temperature (Tc) for the primary PLLA and PLLA/APAD samples. It is found that overall the t1/2 of the primary PLLA firstly decreases with increasing of crystallization temperature, then increases. This trend depends on the effect of crystallization temperature on the motility of macromolecule segment [38] , and the primary PLLA has the minimum t1/2 value of 139.3 s at 120 °C. However, for PLLA/APAD samples, the influences of Tc and APAD concentration on t1/2 are concluded into two types. When the Tc is 105 °C ~ 110 °C, an increase of APAD concentration leads to a drop in t1/2, the reason is that the existence of more APAD can produce a higher nucleation density in PLLA matrix, meantime, the temperature range of 105 °C  110 °C can cause the macromolecule segment to possess excellent active ability, which results in a decrease of t1/2. In contrast, it is observed from Fig. 7 that more APAD loading gives rise to an increase of t1/2 if the Tc is further increased, because the synergistic effect of excessive macromolecule segment activity and impediment effect of more APAD in PLLA matrix must restrict the formation of crystal. To compare with the primary PLLA, t1/2 decreases from 254.3 s to the minimum value 29.4 s, with 0.5 wt.% APAD at 125 °C. 
Melting behavior
Melting behavior of semi-crystalline polymer during the second heating scan is related with the crystallinity and perfection of crystals. Investigating the melting behavior of PLLA/APAD samples under different conditions can further reflect the role of APAD in crystallization process of PLLA. Fig. 8 presents the melting curves of PLLA containing various APAD concentrations at different heating rates after non-isothermal crystallization (Cooling at 1 °C/min from 190 °C). Fig. 8 . DSC heating curves of PLLA/APAD at a different rate after non-isothermal crystallization cooling at 1 °C/min As shown in Fig. 8 , the existence of double melting peaks is very clear (heating at 1 °C/min), indicating that, according to melting-recrystallization mechanism [39, 40] , the recrystallization behavior occurs rapidly after melting of the primary crystallites formed in cooling.Furthermore, for PLLA containing a higher APAD loading, there is more visible high-temperature melting peak, resulting from that a more unnucleated APAD in PLLA matrix can cause the melted crystals to grow into more new crystals in heating [41] . However, with increasing of heating rate ranging from 3 °C/min to 10 °C/min, the double melting peaks gradually degenerate into the single melting peak, this is because there is no enough time to form the crystals under a faster heating rate, exhibiting a competitive relationship between heating rate and APAD for improving crystallization of PLLA. On the other hand, this result further confirms that the double-melting peaks of PLLA/APAD samples result from melting-recrystallization rather than crystal polymorphism. Fig. 9 presents the melting behavior of PLLA/APAD samples at different heating rates that corresponded to the rates of non-isothermal crystallization at different cooling rates. It is noted that, for the same PLLA/APAD sample, the peak area ratio of low-temperature melting peak and high-temperature melting peak decreases evidently with increasing of rate, even the high-temperature melting peak, in comparison to the low-temperature melting peak, has the larger peak area when the rate is 5 °C/min, this is due to the more dramatic influence of rate on crystallization of PLLA comparing to the crystallization accelerator APAD. However, under the circumstance with the same rate, the effect of APAD concentration on melting behavior of PLLA is similar. Fig. 9 . Melting behavior of PLLA/APAD samples at different heating rates corresponding to the rate of non-isothermal crystallization at different cooling rates
As aforementioned, the isothermal crystallization behavior of PLLA depends upon significantly the crystallization temperature. Here, the melting behavior after isothermal crystallization at different crystallization temperatures (high temperature: 130 °C, low temperature: 100 °C) was further studied by DSC (see Fig. 10 ). implying that it is very difficult to thoroughly complete crystallization in low temperature zone because of poor macromolecule segment activity. In contrast, upon the crystallization temperature of 130 °C, the existence of APAD and excellent macromolecule segment activity ensure high nuclear rate and crystal growth rate, resulting in the appearance of the single melting peak after isothermal crystallization for 60 ~ 180 min which ensures complete crystallization. This result also evidences the crystallization temperature dependence of melting behavior of PLLA.
Thermal stability and optical properties
In industry, thermal stability is an important index which determines the working or using temperature of polymers. Fig. 11 is the TGA thermograms profiles for the primary PLLA and PLLA/APAD samples at a heating rate of 5 °C/min from room temperature to 650 °C. It is a fact that the addition of APAD can not change the thermal decomposition profile of PLLA, both the primary PLLA and PLLA/APAD samples only exhibit one thermal decomposition stage. However, the onset decomposition temperature (To) of modified PLLA depends on the APAD concentration, and the To of the primary PLLA, PLLA/0.5 %APAD, PLLA/1 %APAD, PLLA/2 %APAD, and PLLA/3 %APAD are observed at 341.3, 325.8, 321.4, 319.1, and 333.6 °C, respectively. Through the analysis of To data, it is found that the addition of APAD more or less decreases the thermal stability. And the maximal weight loss observed between 300 to 370 °C can be ascribed to the chain scissions and loss of ester groups [42, 43] . Additionally, when the APAD concentration is 0.5 ~ 2 wt.%, the To decreases with increasing of APAD concentration because of low decomposition temperature of APAD itself, but the To of PLLA/3 %APAD is higher than that of other PLLA/APAD samples, the increase in To is thought to be due to winding effect of excessive APAD in PLLA matrix. Additionally, the light transmittance of the primary PLLA and PLLA/APAD samples was further evaluated. As seen in Fig. 12 , the introduction of APAD leads to an extreme decrease in the light transmittance of PLLA, even the light transmittance is almost zero when the APAD content is larger than 2 wt.%, still resulting from the enhancement of crystallization, and the opaqueness of APAD itself. However, it is noted that the light transmittance of PLLA/0.5 %APAD sample is higher than 50 %, meaning that the PLLA/0.5 %APAD sample has a good performance in crystallization and optical property. 
CONCLUSIONS
In this work, APAD was synthesized to investigate its influence on non-isothermal crystallization, isothermal crystallization, melting behavior, thermal stability and optical property. The relevant results indicated that APAD could significantly accelerate the crystallization of PLLA in cooling, and 0.5 wt.% APAD had the best crystallization nucleation ability for PLLA via a comparison on the onset crystallization temperature, the crystallization peak temperature and the non-isothermal crystallization enthalpy, and the result of isothermal crystallization also showed that PLLA/0.5 %APAD had the smallest t1/2 29.4 s at 125 °C. In addition, the non-isothermal crystallization process of PLLA/APAD samples remarkably affected by cooling rate and the final melting temperature, as a result, 180 °C was evaluated as the optimal melt-blending temperature for PLLA/APAD. The melting behaviors after non-isothermal crystallization and isothermal crystallization reflected the crystallization accelerating effect of APAD for PLLA, and the double melting peaks occurred under different conditions resulted from the melting-recrystallization. A comparison study on thermal stability of the primary PLLA and PLLA/APAD samples showed that the introduction of APAD decreased the onset thermal decomposition temperature, but the thermal stability of PLLA/APAD samples was also affected by APAD concentration. However, the light transmittance significantly decreased with increasing of APAD concentration. Commission 
